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Eddy current methods have the potential to detect and characterize 
(size) cracks or flaws located on and/or near the surface of a testpiece. 
In spite of the facts that Eddy-Current inspection has been in widespread 
use for more than 30 years and that a number of different EC instruments 
are commerically available, there still is a need to improve eddy-current 
probes. Particular probe characteristics requiring improvement are: 
sensitivity, resolution, reproducibility. In addition, improved analytical 
understanding is needed to optimize probe design and to identify the key 
parameters required for setting realistic specifications. Even in light 
of the recent development in the automatic defect characterization 
associated with Eddy Current and leakage flux methods, the subject of 
electromagnetic methods of nondestructive testing is characterized largely 
by empirical knowledge. Analytical technique developed to date are 
limited and unfortunately do not allow consideration of realistic flaw 
geometry nor non-linear material properties. 
A general theory of Eddy-Current flaw response was developed by 
B. A. Auld for simple 2-D and 3-D open and closed flaw geometries. This 
theory is based upon the assumption of a uniform interrogating field 
applied to the flaw by the probe. 
This paper will present the Uniform Interrogating Field Reflection and 
its applications to 2-D and 3-D long EDM notches. The experimental data 
will be interpreted using the 2-D Uniform Field Theory [3] and "A.E. 
Electric Field" technique [2]. 
UFREC PROBE AND ITS APPLICATIONS 
Presently, no satisfactory theory exists to invert eddy-current data 
(to obtain flaw sizing information) in a case when the interrogating field 
is non-uniform. A uniform interrogating field appears to be a key to 
solution of EC inversion procedures. 
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The UFREC probe shown in Fig. 1 has been designed [3] and tested. 
This probe consists of: 
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o a dual ferrite-core element parallel structure to create/inject 
a relatively uniform interrogating eddy-current into the area 
between these two parallel EC "drivers" near to the axis of 
this structure. 
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Fig. 1. UFREC probe. 
o a contact voltmeter to measure the surface voltage change 
or a magnetometer to measure the magnetic field perturbation 
due to the presence of a flaw. 
The ferrite cores are used to concentrate (focus) the excitation 
energy into the tested area of a sample. Fig. 1 shows the orientation of 
a "parallel" EC exciting driver with regard to a test surface. The 
magnetic field and eddy-current distributions in the test area of interest 
are also shown. 
UFREC with contact detector 
The UFREC probe (driver) was used with a surface-contact detector to 
determine the depth of an EDM notch in a mild steel testpiece shown in 
Fig. 2a. The notch depth varied continously from 0 to 570 mil. Fig. 2b 
illustrates a conventional surface notch/flaw measurement system when 
the current is injected into a sample using a "contact" driver technique. 
Two contacts were used to inject the current. The remaining two were used 
to explore the surface field distribution and were arranged a fixed 
distance apart, d, known as the detector's length. The detector was placed 
in the region where the current field distribution is the most uniform 
and along the current streamline in the region. The detector was connected 
to a voltmeter or an oscilloscope to measure the surface potential difference 
between two detector's contacts. Let us assume that V0 and Vf are 
the surface potential differences in the areas of no-flaw and over a flaw, 
respectively. The equation [2] relates the depth of a crack, a, and the 
surface potentials is 
a = _.J..L - 1 ) ...E_ 
V0 2 (1) 
This equation assumes that the current distribution is uniform in 
the detector's area. By making two measurements of the surface field 
distribution and knowing the probe length, it is possible to determine the 
crack/flaw depth. 
It is important to note that the injected current flows over quite 
a large area of the surface. As a result, the currents of a few amperes 
were required to give a measurable potential difference. 
Figure 2c illustrates the surface-contact system where the current was 
injected into the area of a testpiece of interest by means of the UFREC. 
Since the injecting magnetic field was focused, a very small driving 
current (lOrnA) was required. The testpiece was interrogated at 
frequencies from 5 KHz to 250 KHz. 
Figure 3 gives a comparison of the notch depth measured at different 
notch locations using both the "contact" driver and UFREC techniques. It 
can be seen that the uniform field driver outperformed the contact driver 
in all cases, particularly in the edge/corner areas where the "contact" 
driver performed very poorly. 
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TEST 
PIECE 
e TEST PIECE 
- MATERIAL: MILD STEEL 
- P.r = 500 
- U = 5.8 X 1o" MHO/M 
- NOTCH DEPTH: CONTINUOUS (0.0 TO 570.0 MILS) 
/..::::::< ~--~--=--:::;;::;-~~~ 
I:================~ .... V ~= 0.57 ln. 
CONTACT DRIVER 
• 
...L 
f-d-j 
f-- a ln. ---1 
e FREQUENCY: 5.0 KHz 
e DRIVER CONTACTS 
PLACED AT TOP EDGES 
OF TEST PIECE 
b 
a 
UNIFORM FIELD DRIVER 
• FREQUENCY: 5.0 TO 250.0 KHz 
• CURRENT: 10.0 mA 
e TURNS IN DRIVER 
COIL: 50 
c 
Fig. 2. ACFM and contact UFREC systems (experiment description). 
UFREC with non-contact detector 
A non-contact NDE system for detecting/characterizing flaws 
offers many advantages over contact NDE systems: 
o a surface contact may result in many possible measurement 
errors due to poor contacts, adverse surface conditions, 
chemical and physical interactions between testpieces and a 
contact instrument, etc.; 
o some applications forbid any contact with testpiece surface; 
o contact NDE systems put limitations on the speed at which a 
testpiece can be interrogated due to necessity to maintain a 
"good" and constant contact with the tested surface. 
e TEST PIECE NOTCH DEPTH VERIFIED ULTRASONICALLY 
e UNIFORM FIELD DRIVER SETUP RESULTS CONSTANT WITH 
FREQUENCY 
e CONTACT DETECTOR INVERSION EQUATION FOR NOTCHES 
a=~ [Yf -1] 2 Yo V1: VOLTAGE ACROSS FLAW REGION V0 : VOLTAGE ACROSS UNFLAWED REGION 
TRUE MEASURED NOTCH DEPTH (IN) 
e UNIFORM FIELD DRIVER OUT-
PERFORMED CONTACT DRIVER 
IN ALL CASES, AND PROVIDED 
ACCURATE NOTCH DEPTH 
ESTIMATES 
NOTCH CONTACT -~NIFORM 
DEPTH (IN) DRIVER FIELD DRIVER 
0.02 0.021 
0.015 0.01 0.047 
0.10 0.015 0.11 
0.115 0.10 0.1154 
0.20 0.1815 0.22 
0.215 o.2o 0.215 
0.10 0.21 0.11 
o.u 0.215 0.115 
0.40 0.21 0.40 
0.415 o.1e 0.415 
0.150 0.40 0.150 
0.157. 0.77 0.157 
* IIAXIIIUII DEPTH (AT TEIT PIECE EDGE) 
Fig. 3. Comparison of ACFM and contact UFREC systems for notch depth 
measurements. 
The non-contact UFREC system shown in Fig. 1 was used to interrogate 
2-D and 3/8"-long EDM notches, and to compare the results with the theory 
[1] to verify its validity. An "absolute" single coil detector was used 
during this experiment. 
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For the special case in which the interrogating electromagnetic field 
applied to a flaw is uniform in the vicinity of the flaw, the forward 
solutions are [1] : 
1 2A a 
i-;sz + 2(1 + i) cS (1 . ) flU - 1, 56 ] - + l_ cS llZu a 
for a 1 > 
cS (2a) 
and 
H2 1 2A a2 
llZu irT o-[-;sz+ 7f 02 J 
for a < 1 (2b) 
cS 
where 
6Zu is the eddy-current probe impedance change per unit length 
H is the magnetic field strength 
I is the driving current (to the UFREC driver) 
llu is the notch opening 
A is the cross-section area of a flaw 
a is the testpiece conductivity 
a is the notch's depth 
0 is the skin depth 
Fig. 4 illustrates the experimental set-up used to interrogate 
2-D EDM notches, interrogation range and definitions used to compare 
the theory and experiment. 
The results are given in Table 1: the equally good agreement between 
theory and experiment was found to exist for cases when a/cS > 1 or a/cS < 1. 
The next step was to apply the UFREC probe to 3/8"-long EDM notches 
in Ti and to determine (invert) the depths of the notches. Fig. 5 
illustrates the experimental set-up used to interrogate these notches. 
One of these EDM notches was known (notch #3), and was used for the UFREC 
system calibration. Table 2 shows that it was possible to invert eddy 
current data collected with the UFREC probe used in the "absolute" detector 
made. The depths of EDM notches were determined with an average estimation 
error of less than 1 mil for the notch depths ranging from 5 to 32 mils. 
Fig. 6 shows the UFREC probe with an "absolute" detector scan angle 
sensitivity. This experiment has shown that it is possible to determine 
quite accurately a notch/flaw orientation using the UFREC technique. 
Fig. 7 illustrates the application of the UFREC probe with a 
"differential" detector to a fatigue crack in a flat-surface geometry 
Ti sample. The fatigue crack was interrogated with the eddy-current normal 
to the crack. This experiment has shown the potential of the UFREC 
technique to locate and interrogate real fatigue flaws. However, no 
attempt was made to invert the UFREC eddy=current data for small 3-D 
EDM notches or fatigue cracks. 
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EXPERIMENTAL SET-UP 
e ABSOLUTE DETECTOR CONFIGURATION 
e NUMBER OF TURNS IN DRIVER COIL: 25 
e NUMBER OF TURNS IN DETECTOR COIL: 25 
e DRIVE CURRENT: 0.55 mA 
e FREQUENCY: 870.0 KHz TO 5.0 MHz 
e SCAN GEOMETRY 
TWO-DIMENSIONAL 
EDU NOTCH 
SCAN DIRECTION 
DETECTOR COIL 
LONGITUDINAL AXIS 
....._ ':LEDDY CURRENT 
- _.,... LINES 
--- -
,..,-- ........... 
""'-PROBE 
INTERROGATION RANGE 
NOTCH FREQUENCY (MHz) 
DEPTH 
(mil) 0.87 1.0 2.0 2.5 
NOTCH DEPTH 5 .25 .27 .39 .43 
TO 
SKIN DEPTH RATIO, 10 .51 .55 .77 
a/6 
25 1.27 1.37 1.93 
e EXPERIMENTAL VOLTAGE RATIO 
jVp (a1, f1)l 
I Vp«•2· 12) I 
e THEORETICAL IMPEDANCE CHANGE RATIO 
I AZu (•1• 11)1 
I AZu (•2• f2)1 
• Vp (a, f) =DETECTOR PEAK VOLTAGE FOR A FLAW 
OF DEPTH a AT A FREQUENCY 
.88 
2.18 
5.0 
.81 
1.22 
3.05 
Fig. 4. Non-contact UFREC system application to 2-D EDM notches 
(experiment description). 
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Table 1. Comparison of the Uniform Field 2-D Theory and Experiment for 
2-D EDM Notches Interrogated by UFREC 
FREQUENCY, f (MHz) 
0.87 1.0 2.0 2.5 5.0 
RT(10, 5, f, f) 3.45 3.48 3.38 3.44 1.88 
Rt!( 1 o, 5, '· f) 3.42 3.35 3.43 4.8 2.55 
Ry(25, 10, f, f) 3.0 2.84 2.95 2.08 2.75 (2.99). 
Rt!(25, 1 o, '· f) 3.08 3.3 2.92 2.84 2.55 
• CALCULATED USING THE a > 0 THEORY 
NOTCH DEPTH, a (MILS) 
5.0 10.0 26.0 
RT (8, •• 1.0, 87) 1.15 1.16 1.16 
RE <•. •· 1.0, o.87l 1.18 1.12 1.18 
RT (8, •• 2.0, 1.0) 2.0 2.0 2.0 
RE <•. •· 2.0, 1.01 2.0 2.2 2.01 
RT (8, •• 2.5, 2.0) 1.26 1.26 1.15 
RE (•, 8, 2.5, 2.0) 1.30 1.24 1.20 
RT (8, •• 5.0, 2.5) 2.0 1.08(1.67*1 1.67 
RE <•, •• 5.0, 2.11) 1.111 1.53 1.4 
*CALCULATED USING THE ·~I) THEORY 
o PURPOSE: DETERMINI! THI! DEPTH OF LONO THREI!·DIMENBIONAL 
EDM NOTCHI!S USING THE UNIFORM INTI!RROOATING 
FIELD (UIFI PROBE • TWO-DIMENSIONAL APPROXIMATION 
o TI!BT SAMPLE PROVIDED BY P.WA (NOTCH PARAMETERS MEASURED 
BY REPLICATION) 
• MATERIAL! TITANIUM 
• NUMBER OF NOTCHES! IS 
• CONDUCTIVITY, a= 2.8 a 108 MHO/M 
• NOTCH LENOTH, 2C ""780.0 MIL 
• NOTCH WIDTH, Au ai.O MIL 
no 1111.1 
Fig. 5. Interrogation of 3/8"-long EDM notches with UFREC (experiment 
description). 
Table 2. Inversion for 2-D EDM Notches 
NOTCH NOTCH NOTCH DI!PTH NOTCH DI!PTH BY 2•D BY 2•D DEPTH DEPTH APPROX, TIGHT CRACK 0/3 NUMBER (mil) (mill APPROX. (mil) 
.1 14 14.2 13.1 2.41 
•2 11 18.1 11.3 3.37 
.3. 24 REFERENCI! 4.21 
.4 28 21.2 28.3 1.11 
•a 32 :u 32.4 1.11 
• NOTCH DI!PTH UII!D POR CALIBRATION 
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EXPERIMENT DESCRIPTION 
e DETERMINATION OF PROBE SYSTEM SENSITIVITY TO SCAN ANGLE 
VARIATIONS FOR TWO- DIMENSIONAL EDM NOTCH 
e TEST PIECE PROVIDED BY PWA/GPD 
- MATERIAL : IN 100 
- NOTCH WIDTH : 3.0 MILS 
- NOTCH DEPTH : 10.0 MILS 
e GEOMETRY AND DEFINITIONS 
PHASE 
0.5· 
MAGNITUDE 
5.0 mV 
SCAN ANGLE 
WO•DIMENSIONAL 
EDM NOTCH 
SCAN ANGLE 
DETECTOR COIL 
~ONGITUDINAL AXIS 
/ /"-._ EDDY CURRENT 
I//.-" - LINES 
/ 
TEST PIECE 
TWO-DIMENSIONAL NOTCH CASE 
AAA~_fVL 
A AA _n__f\f\_ 
.,..O ~\ ~ D'"ECTION OF / 
DIRECTION • 50" INTERROGATIN / 
OF SCAN ' a CURRENT 
EDM NOTCH ~ -'o· 
Fig . 6. UFREC scan angle sensitivi t y. 
e PROBE - DIFFERENTIAL 
- 30 mil CORES 
- 340 mil CENTERS 
e SCANNING - 500 mils ON EITHER SIDE OF CRACK (-0.5Jn.<y<o.5Jn.) 
- 20 mil INCREMENTS (~X= 0.02 Jn.) 
e CRACK - 7 8 x 18 mils (LENGTH x DEPTH) 
- 2J.!.m WIDE 
.. SIZED BY REPLICATION 
SPECIMEN 
x = ·38 mile SPECIMEN 
~ 
·=-••·"· ~ 
SCALES 
x = 38 mile 
x = 20 mil• 
Fig. 7. UFREC probe application to fatigue crack inTi. 
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